adverse event (SAE), including a serious infusion reaction (SIR). 2 Mechanisms underlying loss of response include pharmacokinetic or pharmacodynamic issues, characterized by inadequate drug concentrations, due to rapid clearance stemming from severe inflammation and nonimmune mechanisms or the development of antidrug antibodies, or a non-TNF-driven inflammatory process, respectively. 3, 4 The development of anti-drug antibodies may also lead to drug intolerance and treatment failure due to a SIR. 5 Several retrospective studies and post hoc analyses of randomized controlled trials regarding anti-TNF therapy in IBD demonstrate an association between high serum drug trough concentration (TC) and favorable objective therapeutic outcomes, such as biomarker or endoscopic remission. [6] [7] [8] [9] [10] However, current therapeutic drug monitoring (TDM)-based treatment algorithms are usually applied in a reactive setting, when loss of response or an infusion reaction occur, to determine the subsequent therapeutic intervention. Nevertheless, preliminary data suggest that proactive TDM with drug titration to a target concentration in patients with clinical response on maintenance anti-TNF therapy may improve treatment cost and effectiveness, although more data from large prospective studies are certainly needed. 11, 12 Although both reactive and proactive TDM-based therapeutic strategies appear to be more beneficial in terms of favorable clinical outcomes and cost effectiveness than usual care, there are no data regarding the long-term outcomes of proactive versus reactive TDM for optimizing anti-TNF therapy in IBD. [13] [14] [15] [16] Thus, the primary aim of this study was to investigate long-term outcomes of proactive compared with reactive TDM for optimizing infliximab therapy in IBD real-life clinical practice. The secondary aim was to investigate the association of infliximab TC at the start of TDM with therapeutic outcomes of interest.
Materials and Methods

Study Design and Population
This was a multicenter (Beth Israel Deaconess Medical Center and University of Pennsylvania hospitals) retrospective cohort study. Consecutive IBD patients who responded to infliximab induction therapy and subsequently received maintenance therapy and underwent either proactive or reactive TDM, based on the first infliximab concentration or antibodies to infliximab (ATI) measurement from September 2006 to January 2015, were eligible and followed through December 2015. Patients were excluded if they underwent TDM only during the induction phase, subsequent proactive after first reactive TDM, total colectomy with an ileal pouch-anal anastomosis or a terminal ostomy prior to infliximab TDM initiation, had no follow-up visit after the initiation of infliximab TDM, or had a long (14 weeks) drug holiday during infliximab maintenance therapy.
Demographic and clinical characteristics of the patients were acquired via their electronic medical records. The study was approved by the Institutional Review Boards of Beth Israel Deaconess Medical Center, Harvard Medical School (Boston, MA) and the Department of Medicine, Perelman School of Medicine, University of Pennsylvania (Philadelphia, PA).
Outcomes and Definitions
Therapeutic outcomes of interest included treatment failure, IBD-related surgery, IBD-related hospitalization, SIR, and ATI. Treatment failure was defined either as infliximab discontinuation due to loss of response or SAE, or need for surgery. IBD-related surgery included any intestinal or perianal surgical procedure (eg, bowel resection with or without ostomy or ileal pouch-anal anastomosis, fistulotomy, fistula seton placement, abscess drainage, or strictureplasty). 17 IBD-related hospitalization was defined as any hospitalization with IBD either as the primary diagnosis (ie, for disease relapse, symptomatic fistula or abscess, other complications, or surgery) or secondary diagnosis if the primary diagnosis was related to a gastrointestinal symptom (abdominal pain, diarrhea, nausea, vomiting, constipation, or gastrointestinal bleeding) and not associated with infliximab itself or other comorbidities. 17 SIR was defined as any acute or delayed infusion reaction necessitating infliximab discontinuation. The study observation time for IBD-related surgery, IBD-related hospitalization, and SIR was defined as the start of TDM until treatment failure (and within 12 weeks of the last infliximab infusion, only if another biologic was not administered) or the end of follow-up. 18 The study observation time for ATI was defined as the start of TDM to the last available ATI measurement until treatment failure or the end of follow-up.
Proactive and Reactive TDM Protocols
Proactive TDM was defined as the assessment of infliximab concentration and ATI in patients without any IBD-related symptoms indicative of active disease based on physician's global assessment, with the aim of prospectively titrating infliximab, typically to a target TC of 5-10 mg/mL, to maintain clinical benefit, as previously described. 12 In contrast, reactive TDM was defined as assessment of infliximab concentration and ATI in patients with either gastrointestinal symptoms indicative of suspected loss of response or drug intolerance due to acute or delayed infusion reactions, to guide treatment decisions and optimization, also typically targeting an infliximab TC therapeutic range of 5-10 mg/mL. Changes in the infliximab regimen were made at each physician's discretion, based also on previously described therapeutic algorithms, reflective of real-life clinical practice.
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Infliximab Concentration and ATI Measurement
Serum infliximab concentration and ATI were measured by Prometheus Laboratories (San Diego, CA). A TC was defined as any infliximab measurement performed within 7 days of the next infusion. The study period overlapped with the use of 2 different infliximab assays, a drug-sensitive enzyme-linked immunosorbent assay (ELISA) until July 2012 followed by a drug-tolerant homogeneous mobility shift assay (HMSA). 20 Infliximab concentration of <1 and 1.4 mg/mL and ATI <3.1 U/mL and 1.7 mg/mL equivalents were considered as undetectable for the HMSA and ELISA, respectively.
Statistical Analysis
Descriptive statistics were provided as median (interquartile range [IQR]) for continuous variables and frequency and percentage for categorical variables. Continuous and discrete variables between patients undergoing proactive and reactive TDM were compared using the Mann-Whitney U test and the chi-square or Fisher exact test, as appropriate, respectively. The effect of TDM type (proactive vs reactive) on the cumulative probability of therapeutic outcomes of interest was evaluated using time-to-event (survival) methods. Kaplan-Meier estimates were used to draw the cumulative incidence curves, compared by log-rank test.
Univariable and multivariable Cox proportional hazards regression analyses were also performed to determine the independent effects of variables associated with therapeutic outcomes of interest. The following variables were examined: gender, age at diagnosis, age at start of infliximab treatment, duration from infliximab initiation until start of TDM, IBD subtype, UC extension, CD location and behavior, perianal fistulizing disease, ileocolonic resection prior to TDM, smoking ever, immunomodulators at start of TDM, infliximab optimization prior to TDM, prior anti-TNF therapy, infliximab concentration and ATI at the start of TDM, and type of TDM. Only variables with a P value <.1 on univariable analysis entered the multivariable analysis, which was performed using the Wald Backward selection method.
A receiver-operating characteristic (ROC) analysis was performed for infliximab TC at the start of TDM to trace thresholds associated with therapeutic outcomes of interest. Optimal thresholds were chosen using the Youden index, which maximizes the sum of the sensitivity and specificity of the ROC curve. 7 Infliximab TC at the start of TDM were also categorized into quartiles. Rates of therapeutic outcomes of interest were compared across infliximab TC using the chi-square test (linear-by-linear association). All analyses were performed using SPSS version 23.0 (IBM, Armonk, NY) and GraphPad Prism version 5.03 for Windows (GraphPad Software, San Diego, CA).
Results
Study Population
The Table 1 
Outcomes
Treatment failure. In the entire cohort, 105 patients had a treatment failure during follow-up. Among patients Figure 1 . Flow chart of study population. IBD, inflammatory bowel disease; IFX, infliximab; IPAA, ileal pouch-anal anastomosis; TDM, therapeutic drug monitoring.
who underwent proactive TDM, only 17 (13%) had a treatment failure, in contrast with 88 (66%) patients in the reactive TDM group. Among patients who underwent reactive TDM, treatment failure was mostly due to loss of response or surgery (n ¼ 73), whereas 15 patients experienced a SAE (SIR, n ¼ 12; acute, n ¼ 8; delayed, n ¼ 4). Among patients who underwent proactive TDM, treatment failure was attributed to loss of response or surgery (n ¼ 13) or SAE (SIR [acute], n ¼ 2; pulmonary infections, n ¼ 2). The first-year cumulative probability of treatment failure was 6% (SE 0.021) for the proactive compared with 57% (SE 0.043) for the reactive TDM group. Kaplan-Meier analysis demonstrated a significantly lower cumulative probability of treatment failure in patients who underwent proactive compared with reactive TDM (log-rank P < .001) (Figure 2A ), which as was consistent for both CD ( Figure 2B ) and UC ( Figure 2C ). Cox regression identified the use of (Table 2) . On ROC analysis, an infliximab TC of 3.55 mg/mL was identified as the optimal cutoff for treatment failure (sensitivity 0.75, specificity 0.60) (Supplementary Figure 1A) . The relationship between infliximab TC at start of TDM and treatment failure was further analyzed by dividing infliximab TC into quartiles. The lowest infliximab TC quartile was associated with a significant 2-3-fold increased unadjusted rate of treatment failure compared with the other quartiles ( Figure 3A) .
IBD-related surgery. By the end of follow-up, 33 (12.5%) patients underwent an IBD-related surgery (ileocolonic resection or colectomy, n ¼ 25 [76%]). Only 8 (6%) patients who underwent proactive TDM had an IBD-related surgery, compared with 25 (19%) patients in the reactive TDM group. The first-year cumulative probability of IBD-related surgery was 2.4% (standard error 0.014) for the proactive and 22.7% (SE 0.044) for the reactive TDM group. Patients who underwent proactive TDM had a significantly lower cumulative probability of an IBD-related surgery than did those who underwent reactive TDM (log-rank P < .001) ( Figure 4A Table 1) .
On ROC analysis, no infliximab TC was identified as the optimal cutoff for IBD-related surgery (Supplementary Figure 1B) , and there was no statistically significant association observed between infliximab TC at the start of TDM and IBD-related surgery based on infliximab quartile analysis ( Figure 3B ).
IBD-related hospitalization. Overall, 42 (16%) patients underwent an IBD-related hospitalization. Among patients who underwent proactive vs reactive TDM, 9 (7%) vs 33 (25%) had an IBD-related hospitalization, with first-year probabilities of IBD-related hospitalization of 2.4% (SE 0.014) vs 25.6% (SE 0.046). The number and days of IBD-related hospitalizations were also lower in patients undergoing proactive than in undergoing reactive TDM (10 vs 40, P < .001; 37 days vs 189 days, P < .001, respectively). The probability of an IBD-related hospitalization was significantly lower among patients who underwent proactive compared with reactive TDM (log-rank P < .001) ( Figure 4B) . Additionally, the use of proactive TDM (HR, 0.16 [95% confidence interval (CI), 0.07-0.33], P < .001) was the only variable found to be independently associated with IBD-related hospitalization (Supplementary Table 2 ).
An infliximab TC of 4.65 mg/mL was identified as the optimal cutoff for IBD-related hospitalization (sensitivity 0.63, specificity 0.61) (Supplementary Figure 1C) . When examining these data by infliximab TC quartiles, the lowest quartile was associated with highest rate of IBDrelated hospitalization ( Figure 3C ).
Antibodies to infliximab. During follow-up, ATI were detected in 48 patients (18%), the majority of whom (n ¼ 42) already had detectable ATI at the start of TDM. ATI were seen in 11 (9%) patients undergoing proactive TDM, of whom 7 (5%) had detectable ATI at the start of TDM, compared with 37 (28%) patients undergoing reactive TDM, of whom 35 (26%) had detectable ATI at the start of TDM. Overall, patients monitored proactively had a significantly lower cumulative probability of ATI than did those monitored reactively (log-rank P < .001) ( Figure 4C ). The only variables found to be independently associated with ATI were the use of proactive TDM (HR, 0.25 [95% CI, 0.07-0.84], P ¼ .025) and infliximab concentration at the start of TDM (HR, 0.7 [95% CI, 0.5-0.8], P < .001) (Supplementary Table 3 ). An infliximab TC of 1.85 mg/mL was identified as the optimal cutoff for detectable ATI (sensitivity 0.89, specificity 0.78) (Supplementary Figure 1D) . Subdividing the data by infliximab TC quartiles, the lowest quartile was associated with a significant increased rate of ATI compared with the other quartiles ( Figure 3D) . Table 4 ).
An infliximab TC of 6.35 mg/mL was identified as the optimal cutoff for SIR (sensitivity 0.51, specificity 0.91) (Supplementary Figure 1E) . On infliximab TC quartile analysis, the lowest quartile was associated with significant increased rate of SIR compared with the other quartiles ( Figure 3E ).
TDM and Treatment Modifications
The median time from start of infliximab until TDM initiation for the entire population was 14.3 (IQR: 5.6-35.4) months and was comparable between the 2 groups (Table 1) . TDM assays were performed on 428 serum samples in total and the number of available infliximab measurements per patient ranged from 1 to 13. Based on initial testing, 151 (57%) samples were evaluated with the HMSA assay. Data regarding the first infliximab TC, ATI, and dosing changes in patients undergoing proactive vs reactive TDM are depicted in Supplementary Table 5 . Based on initial testing, patients who underwent proactive TDM had a higher median infliximab TC compared with those who underwent reactive TDM (9.1 mg/mL vs 3 mg/mL; P < .001) and a lower rate of positive ATI (5% vs 26%; P < .001). Moreover, based on target infliximab TC therapeutic ranges of 3-7 mg/mL or 5-10 mg/mL, only 22% or 31%, respectively, of patients who underwent proactive TDM, had a subtherapeutic infliximab concentration, compared with 47% or 59%, respectively, of patients in the reactive TDM group. Based on initial testing, 38 (29%) patients undergoing reactive TDM had to discontinue infliximab mainly due to ATI with low or undetectable infliximab concentrations (n ¼ 25 of 38 [66%]) or (supra)therapeutic infliximab TC (n ¼ 13 of 38 [34%]), the latter implying a possible evolution of the IBD inflammatory process to a non-TNF-driven biology. 
Discussion
TDM is becoming more common in the treatment of IBD, but is still typically performed in the setting of loss of response or concern for anti-TNF therapy related adverse events. This is the first study to compare the clinical utility of a proactive versus reactive TDM-based therapeutic strategy for optimizing infliximab in IBD. The use of proactive compared with reactive TDM was found to be associated with significantly better effectiveness and safety, as measured by greater durability on infliximab treatment, less need for IBD-related surgery and hospitalization, and less immunogenicity and SIR. Our results suggest that it is better to optimize infliximab therapy before loss of response or a drug related adverse event happens rather than wait for these undesirable outcomes to occur before testing.
Our results are not surprising for several reasons. Significantly fewer patients who were proactively monitored had a first undetectable or subtherapeutic infliximab TC or detectable ATI than did those monitored reactively. Specifically, approximately 30% of patients in the reactive group either had to discontinue infliximab for loss of response or SIR, or underwent surgery early after the first evaluation of infliximab concentration or ATI, most of whom (approximately two-thirds) had low infliximab concentrations or high titers of ATI. Thus, for many patients who are monitored reactively, the monitoring has occurred too late to receive any kind of treatment optimization, as severe intestinal inflammation and immunogenicity likely exerted an irreversible negative impact on their infliximab pharmacokinetics.
Preliminary data from a randomized controlled trial 11 and a small retrospective study 12 show that proactive TDM is probably associated with better therapeutic outcomes compared with standard of care, although additional data from large prospective studies are certainly required. The landmark TAXIT (Trough concentration Adapted infliXImab Treatment) study, although not meeting its primary endpoint (clinical and biochemical remission at 1 year after the optimization phase), clearly demonstrated that the infliximab concentration-dosed group needed rescue therapy less frequently and had undetectable infliximab concentrations less often than the clinically dosed group did. 11 Additionally, our group was the first to demonstrate the long-term benefit of proactive TDM. In this study, patients undergoing proactive TDM and infliximab dose optimization based on a therapeutic window of 5-10 mg/mL had markedly improved persistence on infliximab when compared with a similar control group of IBD patients receiving standard of care. 12 Lastly, proactive TDM is clinically logical and is standard of care in other clinical situations including UC for cyclosporine and solid organ transplantation for mycophenolate or other immunosuppressants. 21, 22 In these settings, especially with respect to solid organ transplantation, it is more rational to check drug concentrations before patients reject their organ rather than to wait until after rejection has occurred, when it may be difficult to salvage the organ with additional potentially toxic immunosuppressants and retransplantation may be required. 22 Additionally, we identified optimal infliximab TC thresholds of 1.85, 3.55, 4.65, and 6.35 mg/mL for treatment failure, ATI, IBD-related hospitalization, and SIR, respectively. These concentration values are a useful guide for clinicians taking care of patients with IBD and are consistent with prior studies demonstrating that lower infliximab TC are associated with negative therapeutic outcomes including loss of response, higher immunogenicity, and drug discontinuation. [23] [24] [25] The strengths of this study include the large sample size, long follow-up period, and representation of reallife clinical practice at 2 large referral IBD centers. As TDM is being performed more frequently now than in the past for IBD, the important finding is that testing was shown to be more useful proactively, before symptom onset, rather than reactively, after symptoms have developed and many patients may not benefit from dose optimization. However, our study is inherently limited by the retrospective nature of the design and potential for residual bias. Specifically, the 2 groups being compared are inherently different in that 1 group was clinically asymptomatic (proactive) whereas the other was potentially experiencing a flare (reactive). Moreover, the total population could be a highly selected population as first TDM was performed after a median time of just more than 1 year of infliximab therapy. Nevertheless, confounding by indication is likely limited in this study, as the decision to monitor patients proactively or reactively was largely a matter of physician ideology rather than patient disease activity or other characteristics that could differentially affect the outcomes. Just as importantly, the median follow-up time both prior to and after TDM in each group was similar. An additional limitation of this study is that 2 different TDM assays to detect antibodies to infliximab were used based on evolution of laboratory technology over time. However, the ELISA and HMSA were found to result in similar classifications and interventions in IBD patients treated with infliximab, and with comparable clinical outcomes in prior studies. 12, 26 Moreover, another limitation could be the lack of a control group that did not undergo TDM. 27 In conclusion, this multicenter study reflecting real-life clinical practice demonstrates that optimization of maintenance infliximab prior to loss of response (proactive TDM) is associated with lower risks of treatment failure, IBD-related surgery and hospitalization, ATI, and SIR than is reactive TDM. Given these retrospective results, if physicians are considering testing for infliximab levels or ATI, consideration should be given for doing such testing proactively rather than reactively.
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Supplementary Figure 1 . Receiver-operating characteristic curve analysis for infliximab trough concentrations at start of therapeutic drug monitoring stratifying patients with or without treatment failure (A), inflammatory bowel disease-related surgery (B), inflammatory bowel disease-related hospitalization (C), antibodies to infliximab (D), and serious infusion reaction (E). AUC, area under the curve; CI, confidence interval. 
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